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NATIONAL ADVISORY C0MI5ITTSE FOR AERONAUTICS. 

TECHNICAL MEMORANDUM NO. 521. 

WINGS V;iTH NOZZLS-SHilPED SLOTS.* 
By Richard Katzniayr. 

Aerodynainic engineers have always sought to discover devices 
which v/ould produce the greatest lift with the least possible 
drag. Their first successes Y;ere obtained by giving a suitable 
shape to the wing profile. This device failed, however, at 
large angles of attack (18-21^), so that it appeared impossible 
to obtain greater maximum lifts than 2 Cj^^ = 150. Only after 
the cause was found for the sudden decrease in the lift after 
reaching a certain angle of attack, were means adopted v;hich 
enabled a further increase in the lifting effect of a v/ing. 
The lift decrease was found to be due to the loss of energy 
v^rhich finally takes place in the so-called "boundary layer" of 
the air flow. This occurs in connection with a rapid and ex- 
cessive pressure increase and causes the boundary layer to sep- 
arate from the upper surface of the wing, thus leading to a 
partial reversal of the direction of flow and finally to the 
formation of vortices. The most obvious way to counteract this 
evil is to replace the lost energy in the boundary layer. This 
can be accomplished in various ways. 

In the case of "rotors," for example, the energy is added 

by causing the su rface o f the ro tor to mo ve in the direction of 

* "Diisenflugel , " from Berichte der Aerodynai'nischen Versuchsan- 
stalt in Wien, Vol. I, No. 1 (1928), pp. 57-75. 
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the main flow, thereby imparting, through friction, a supple- 
mentciry acceleration to the air near its upper surface. 

With the "slotted wings" of Lachmann and Handley Page, the 
boundary layer on the upper side is accelerated by the addi- 
tionea air flowing through the slots. The kinetic energy of the 
additional air is derived from the pressure difference between 
the upper and the lower side of the wing. The energy trpjisfor- 
mation is effected with the least loss in nozzle-shaped slots. 

In Gottingen an attempt is being made to reach the saj-ne 
goal in a third way. This consists in removing the boundary 
layer from the top of the wing by suction into the inside of 
the wing, a method v;hich also means nothing but an o.cceleration 
of the boundary layer, since a pressure drop is produced on the 
upper side of the wing by creating a negative pressure inside 
the Y/ing. This pressure drop accelerates the flow of the sur- 
rounding air. 

The direct use of rotors as airfoils is very uneconomical, 
since the considerable transverse force produced by them is 
accompanied by a great drag in the main direction of motion, 
which requires considerable energy to overcome. For construc- 
tioiml reasons, on the other hand, it is not possible, in the 
case of unsymmetrical bodies like airplane wings, to employ 
the method used with rotors. Experiments with wings having 
rotors fitted into their leading edge showed that no consider- 
able lift increase can be thus obtained. 
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With slotted wings, hov/ever, a considerable increase v/as 
found in the lifting power, especially in the maximum lift. 
It was found, however, that a corresponding drag increase oc- 
curred at small and medium angles of attack, so that slotted 
wings are of practical importance only v;hen the slot openings 
can be regulated during flight. 

The results of only a few laboratory experiments with suc- 
tion are yet available. They indicate, however, a considerable 
increase in lifting power without change in dra.ga Even before 
the publication of the results of the Gottingen experiments on 
the removal of the boundary layer by suction, experiments with 
nozzle-slotted wings were begun, at the suggestion of Josef 
Mickl, in the Vienna Aeromechanical Laboratory. A report of 
these experiments will be given here. 

With this type of wing the additional energy is supplied 
to the boundary layer on the top of the wing by a current of 
air flowing out through a slot parallel to the leading edge 
and tangent to the wing profile. Only toward the end of this 
investigation: did it become knovm to the Y/riter that this meth- 
od of investigation had been proposed in other countries, e.g., 
by Professor Baumann in Germany, by Professor Lafay in France, 
and by Professor Stroescu in Roumania. I do not know whether 
experiments with such nozzle-slotted wings were actually insti- 
tuted in the above-mentioned countries. In Vienna special im- 
portance v/as laid, from the first, on the correct form of the 
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passages at the outlets. They v/ere /nade nozzle-shaped, in. order 
to effect the completest possible conversion of the potential 
energy of the compressed air inside the wing into kinetic energy 
at the mouth of the slots. The nozzle shape of the air passages 
led to the use of the expression "nozzle-slotted v/ings" to des- 
ignate this typec It differs from the ordinary slotted wing in 
that the air is not talcen from the lower side of the wing, but 
from the inside of the vdng, to which it can be constantly sup- 
plied in any desired manner. Thus it is possible, independently 
of the angle of attack, to impart to the auxiliary air the ve- 
locity of discharge best suited to each particular case. More- 
over, the slot openings can be located at those points of the 
wing profile where they will be most effective. Lastly, it is 
possible to regulate the discharge of the auxiliary air without 
movable parts on the wing itself, as in the case of ordinary 
slotted wings. 

In order to obtain an idea of the effect of the discharge 
of the compressed air tangentially to the wing surface on the 
magnitude and direction of the resultant aerodynamic force, ex- 
periments were first tried with a cylinder. This cylinder had 
a diameter of 150 mm (5.91 in.) and a length of 990 irim (59 in.). 
It was made of sheet brass 0.2 mm (0*008 in.) thick and was pro- 
vided with tY/elve slots parallel to the cylinder surface, and 
0*75 mm (0*03 in.) wide. Sheet-brass tubes led the air to these 
slots, as shown in Figure 1. The cylinder surface was stiffened 
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by t\7o rings a and b, between which the v/idth of the slots 
was fixed by soldering in short pieces of v^are c. The end 
walls e a.nd f (Fig. l) were provided v;ith connecting tubes 
g and h, of 65 mm (2.56 in.) diameter and 100 mjn (3.94 in.) 
length, through which the compressed air could flow into the 
cylinder. 

Since the passages to the discharge slots all led in the 
same direction, the outflowing air formed an envelope around 
the cylinder circulating in a definite direction. In order to 
determine the effect of the circulating supplementary air on 
the magnitude of the air force on the cylinder, it v/as exposed 
to the air stream in a wind tunnel and the drag and transverse 
force (i.e., the lift) were measured. 

For this purpose the cylinder was suspended on two wires 
from the drag balance and connected with the lift balance by 
means of four levers. It was also necessary to make further 
provisions, to enable the delivery of the compressed air to the 
cylinder without hampering the action of the tv^ro balances. 
Lastly, it was necessary to eliminate the effect of the finite 
cylinder length on the results. The air supplied to the cylin- 
der was highly compressed by a centrifugal blower. The com- 
pressed air was led through pipes to the border of the artifi- 
cial air stream and thence into the cylinder by means of two 
thin-walled rubber tubes of 1 meter (3.28 feet) free length and 
the connections g and h. Since the thin rubber tubes were not 
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strdng enough to withstand the internal air pressure, they were 
enclosed in nets of fine thread, which kept them from bursting 
without diminishing their flexibility. This device proved sat-- 
isfactory and did not hamper the operation of the balances, 
even when the rubber tubes were fully distended. In order to 
protect the rubber tubes from the action of the air stream, 
they were enclosed in sheet-metal pipes of 150 mm (5.9 in.) 
diameter. These pipes were brought close to the ends of the 
cylinder and firmly secured by stay wires against the action 
of the air stream. Since the protecting pipes had the same 
outside diameter as the cylinder, they all formed one continuou 
body of uniform cross section passing transversely through the 
whole air stream. The effect of the finite cylinder length on 
the results was thus eliminated. Figure 2 shows the whole in- 
stallation as viewed from the lift-balance side, and Figure 3 
as viewed from the air-pipe side. 

The quantity of air flowing from the cylinder could not be 
determined by means of a measuring orifice (Staurand), because 
the straight sections of the air pipes were not long enough. 
The quantity of air was estimated from the exit velocity at the 
slots. The pressure in the cylinder v\ras also measured occasion 
ally. The experiments were conducted at different dynamic 
pressures and exit velocities both with all the slots open and 
with only a part of them open. 

The cylinder was first subjected to the air stream without 
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causing any air to flow from the clots. The tests were made 
at six dynainic pressures and consequently at six different 
Reynolds Numbers R. The results, as given in Table I and Fig- 
ure 4, show the chaxacteristic decline in the drag coefficient 
with increasing values of R. The drag coefficients are based 
on an area F = 0.99 x 0.15 = 0.1485 (i.6 sq.ft.)* The rel- 
atively hip^h Value of 2 c^y for R = 214,300 is ascribable 
to the peculiar character of the cylinder surface. 

Table II emd Figure 5 give the results obtained with a.ir 
issuing from the slots in the cylinder, diagrams a to e (Fig. 
6) shov/ the number and distribution of the slots open during 
the experiments, the rest of the slots being closed with v/ax. 
Figure 6 shov;s the number of the open slots and their location 
with respect to the direction of the air flow. In case a, all 
the slots were open. From Table II and Figure 5, it is seen 
that, as the ratio u/v increases, the transverse force (lift) 
increases, while the drag first decreases and then increases. 
The curves in Figure 5 are similar to the chai'acteristic curve 
of an ordinary wing. In analyzing them, it should be noted 
that the saxae scale was used for 2 c^ and 2 c^. If the char 
acteristic curve obtained for the slotted cylinder is compared 
with the curve obtained in Gottingen with a rapidly revolving 
finite cylinder of 70 ma (2.76 in.) diameter and 330 mm (13 in. 
length betv/een two terminal disks of 140 rom (5.5 in.), the 
great similarity of the results is apparent (Fig. 5, curve b). 
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The drag coefficients are smaller throughout for the slot- 
ted cylinder than for the plain cylinder compared with it. This 
is probably due to the infinite length of the cylinder used in 
the Vienna experiments. It should be noted that, from the sta- 
tionary end cylinders enclosing the rubber air tubes, no air 
flowed out tangentially to their surface, so that the flow dia- 
gram around the cylinder suspended from, the drag balance was 
not quite like the one around the stationary end cylinders* 
Hence the resulting 2 c^ values are probably too high. The 
Vienna lift coefficients are very similar to those obtained in 
Gottingen. 

This fundajnental experiment showed that the compressed air 
flowing out tangentially to the cylinder had an effect very sim- 
ilar to that of the circulatory flov/ produced by the surface 
friction, of a plain, rotating cylinder. 

The results given in sections b to e of Table II and in 
Figure 5, show that closing part of the slots causes a diminu- 
tion of the transverse force (lift) and also of the drag* It 
is noteworthy that the latter has smaller values throughout than 
in the case of a cylinder from whose surface no air flows. Com- 
parison of d and e shov/s, moreover, that the location of the 
slots with respect to the direction of the main flow greatly 
affects the results. The effect of the additional air is all 
the greater, the more of it is blown into the dead-air space 
behind the obstacle, a result not apparent in the following 
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wing investigations. 

It should also be mentioned that the ratio u/v was so 
changed that the velocity of the main flow varied, while the 
outflow of the supplementary air remained constant. It would 
probably have been better, at the highest possible wind velocity, 
at p about 30 mm (1,18 in.) water column, to increase the 
velocity of the flow from the 'slots by a corresponding pressure 
increase inside the cylinder, since the various measurements 
would then have been made for one and the same index va,lue. 
The centrifugal blov/er at our disposal did not furnish, however, 
the high pressures required and we had to adopt the previously 
mentioned expedient. 

After the above-described experiments showed that trans- 
verse forces could be generated by the tangential flow of com- 
pressed air from slots in the surface of a cylinder, the same 
as with rotors, we also investigated the effect of objects with 
wing-shaped cross sections. The performance of these experi- 
ments was much more difficult than those vdth the cylinder. 
We had to abandon: the introduction of the air from the sides on 
account of the necessary changes in the angle of attack. The 
air duct was transferred to the center of the lower side of the 
wing. Great pressure drops in the intake pipe had to be ac- 
cepted, since its small size necessitated high velocities, and 
since it had several sharp bends. The central positiom of the 
intake pipe was also imfavorable for the uniform distributiom 
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of the outflowing air throughout the whole span, which has to 
be taken into consideration in the analysis of the results* 
The intake pipe is shown in Figure 7. It was a streamlined pipe 
and v/as fastened to the upper central support of the lift bal- 
ance. The end toward the wing model was tapered and v/as con- 
nected with the latter by means of a short thin-walled rubber 
tube and a tubular connection on the model* This flexible union 
was necessary because changes in the angle of attack shortened 
the lower part of the tube. The end toward the model carried 
a 90^ elbow with its free arm extending upward. The center of 
curvature of the elbow was so located that the direction of the 
mean centrifugal force of the air flowing through the pipe 
passed through the fulcrum of the lift balance. Any impairment 
of the lift values by this reactionary force v/as thus avoided. 
To the free end of the elbow there was fastened a thin-walled 
rubber tube 700 i-nm (27.6 in.) long and 70 mm (2.76 in.) in diam- 
eter, which, as in the experiments with the cylinder, was pro- 
tected against bursting by a net (Fig. 7). The connection with 
the centrifugal blov/er is completed by means of another, elbow, 
a tapering piece and a pipe 120 mm (4*7 in.) in diameter. A 
measuring orifice had been introduced at 2/3 the length of the 
vertical part of the pressure pipe. The quantity of air deliv- 
ered could be varied by throttling on the suction side of the 
centrifugal blower. A small tube, which passed through the large 
elbow near the balance into the inside of the wing, enabled the 
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measuring of the pressure on a raicromanometer sho\ini in the right 
foreground of Figure 8. The wing models ^vere supported in the 
usual manner by two wires from the drag balance and were con- 
nected v/ith the lift balance by three rods. 

Tests were made v/ith four models which differed from one 
another in their cross-sectional sho.pe ejid in the number cjid 
distribution of the outflow slots. Three of the models v/ere 
"normal wings" while the fourth v;as a monoplane model. Tv/o 
different v/ing sections or profiles were used for the normal 
wings, one of which will be designated by I (Fig. 9). The com- 
pressed air could esca^pe through three slots, two of them being 
on the upper side and the third one on the lower side of the 
wing. Their location, shape and size are shoYm in Figure 9. 
The slots extended the whole length of the model (900 mm 35.4 
in.). The channels were closed at the ends of the model by 
metal plates. The leading edge of the model was connected with 
the trailing edge by an iron plate which had a row of large 
holes for the passage of the air. The rear chcjinel was con- 
nected with the channel in the lower portion of the wing by a 
series of hollowed-out passages. The slots v/ere covered with 
cardboard strips 12 mm (0.47 in.) wide, glued firmly to the 
Y/ood on one edge. The comipressed air pumped into the wing 
raised the .cardboard strips and flowed from the slots almost 
tangentially to the wing profile. The strips were attached in 
such manner that the escaping air could flow only toY/ard the 
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rear on the upper side of the v/ing and only tovjard the front 
on the loYiei side. 

The second profile shape yjc^s the Gottingen 398. Models 
were made of two normal v;ings of this sha.pe 900 x 150 mm 
(35.4 X 5.9 in.). One of these had three slots and will "be 
designated by II (Fig. 10). The other model had nine slots 
and will be designated by III (Fig* 11). Model II, like model 
I, had two slots on the upper side and one on the lower side, 
while model III had six on the upper side a.nd three on the 
lower side. The slot openings v/ere parallel to one another 
and extended the whole length of the models. These models 
were made of seasoned wood and differed from model I princi- 
pally in the shape of the inside passages to the slot openings. 
As shown by Figures 10 and 11, the passages tampered towa.rd the 
surface so as to form nozzle-shaped slots, through which flowed 
regulated air streams. The flow losses were thus considerably 
reduced and the flow velocity was the maximum for the given 
internal pressure. Model II consisted of three separate parts 
held together by a number of plates throughout the span. 
Model III consisted of nine parts. In the middle of the span, 
where the inlet tube for the compressed air was attached to 
the lower side of the model, the parts were held together by a 
metal band 50 mm (about 2 in.) wide passing entirely around 
the model, the slots being interrupted for this vddth. As in 
the case of model I, cardboard strips 12 rm (0*47 in.) wide 
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were glued at one edge to the wood parts so as to cover the 
slots. The opposite edge was lifted by the compressed air and 
released thin air jets during the tests. 

Due to the small dimensions of the model, the inside chan- 
nels could not be perfectly shaped. In particular, the free 
section of the main channel in the middle of the spam was rel- 
atively too small, thus occasioning considerable flov/ losses. 
Special attention is called to this point, because these un- 
favorable conditions, which do not exist to so high degree in 
full-scale '.vings, must be taken, into consideration in the anal- 
ysis of the final results. 

Many tests v\fere made with the above-described models, but 
only the most important ones will be referred to here. The 
tests cover the determination of the lift and drag coefficients 
at different angles of attack. The tests were made both with 
and without air flowing from the slots. In the former case, 
as in the case of the cylinder, the ratio of the discharge ve- 
locity u to the air-strea;n velocity v was varied. This 
could be done only by varying the velocity of the air stream. 
The number and location of the open slots Mexe varied by gluing 
silk paper over some of the slots, in order to determine the 
effect of the air jets flowing from the slots. 

Tables III-IV and Figures 13-13 give some of the results 
obtained with model I. The v/ing model was first subjected to 
an air-flow pressure of 5 mm {0.2 in.) and then of 20 mm (0.8 ii 
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water col-amn. In both cases the tests were made with all the 
slots closed, then with all the slots open, and finally, with 
the front upper slot open and the other tv/o closed. The charac- 
teristic curves for the case with all the slots closed show 
relatively small lift values and quite high drag values, both 
being due to the cardboard strips which unfavorably affected 
the surface of the wing model, abnormally thickened the boundary 
layer, and increased the skin friction. The lift values were 
20 to 25fc> smaller than for the wing with a smooth surf ace « 
The characteristic curve, which was obtained at a small Reynolds 
Number, shows, moreover, the sudden characteristic fall in the 
lift values. 

The characteristic curves for the model with the air jets 
issuing from the slots show, throughout, a considerable increase 
in the lift values, which, in contrast with the well-known ordi- 
nary slotted wings, extends over the whole range of the angles 
of attack and is connected with a moderate increase in the drag 
at small angles of attack 

It is obvious that the test results required some correc- 
tions, in order to represent accurately the effect of the out- 
flowing air jets. First it was necessary to determine the addi- 
tional drag produced by the inlet tube and to make allowance 
for it in the evaluation. For this purpose, the model was test- 
ed both with and without the inlet tube and the additional drag 
was determined from the difference in the results. Furthermore, 
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the reaction force of the air jets was measured for various jet 
velocities with the main air stream stopped, but with the 
compressed-air pump still working. It xvas likewise deducted 
in the subsequent correction of the measured dra.g values. The 
forward thrust was repeatedly measured at medium angles of at- 
tack and Isjge u/v ratios. It might have been allowable not 
to deduct from the test results the forward thrust produced by 
the reaction- of the air jets, because this thrust was due to 
the system chosen and not to the arrangement of the experi- 
mental apparatus. 

As in the case of the slotted cylinder, it is possible to 
establish the dependence of the magnitude of the effect of the 
air jets on the ratio of their velocity of discharge to the 
velocity of the main air streajii (i.e., u/v). The laJger this 
ratio is, the larger the lift values will be. The unfavorable 
flow ratios, mentioned at the beginning, permitted no value of 
u/v greater than 0.803. This value was obtained at a pressure 
of p = 5 mm (0.2 in.) water column with an open slot on the 
upper side of the wing model. It is about twice as large as 
the value (0.402) obtained at p = 20 mm (0.8 in.) HgO and, at 
a medium angle of attack a, increases the lift about 20f5.* 
The absolute increment in the lift values, based on those of 
the wing model without the air jets but with the glued cardboard 

strips, is about 80-;^ for medi um angles of attack. It has been 

*It must not be forgotten that the two tests were made at dif- 
ferent Reynolds Numbers. 
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demonstrated that the number and location of the slots in the 
wing profile are of importance. It has been found that the ef- 
fect of a slot on the lower side of the v;ing is to reduce the 
drag. It is quite important a.t a large u/v ratio and smaJl 
angles of attack a (Fig. 12), At large angles of attack, hovj- 
ever, a slot on the lower side of the wing does not increase 
the lift values so much as one on the upper side^ Experiments 
have shov/n that the effect of an air jet issuing from a slot 
near the leading edge is greater than the effect of a similar 
jet behind the thickest portion of the wing. In particular, 
the tests made with the nine-slotted model III confirmed the 
correctness of this phenomenon! as observed in the tests with 
models I and II. 

The jet velocities u, given in the tables^ are mean val- 
ues, since they vary consider o.bly throughout the span. One of 
the portions tested is represented in the left part of Figure 14. 
The maximum. Ug is about 2/3 of the distance from the center 
of the span, the magnitude of u decreasing from this point in 
both directions. Negative flov/ velocities Y^exe observable in 
the middle third of the whcle span for some of the slot arrange- 
ments. Even the direction of the flovx from the slots was in no 
case perpendicular to the trailing edge of the model throughout 
its v/hole length. In the middle of the model the directions 
diverged up to about 45^. At the position of the Ug they 
were mostly perpendicular to the trailing edge, v/hile at the 
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wing tips the direction of the u again diverged 10-15^ toward 
the middle of the viing, as shov/n in the right portion of Figure 
14. 

In the experiments v:ith models II and III the pressure dis- 
tribution:-- on the upper surface v;as also measured at different 
angles of attack. The measurements viqtg made at 12 points on 
the periphery in a plane situated 180 min (7.1 in.) from the 
plane of symmetry of the model. We are giving here only the 
results obtained with model III at the angle of attack a = 0 
and under the two dynamic pressures p = 5 mm and 20 mm (0.2 in. 
and 0*8 in.) -.vater column. The location of the measuring points 
and that of the six slots is shown in Figure 15. The three 
slots on the lower side of the v/ing were closed in these tests. 
The results are given in Table V and Figure 15. They show that 
during the discharge of the compressed air from the slots, a 
reduction in the negative pressure occurs in the vicinity of the 
leading edge, but a considerable increase in the negative pres- 
sure toward the trailing edge. This is partic^aarly noticeable 
for p = 5 :Tmi (0.2 in.) water column-^, whereby u/v had a value 
of 0.402. 

Before giving the results of the experiments vdth a nozzle- 
slotted monoplane model, I will compare the results obtained 
with ordinary slotted wings and with nozzle-slotted wings. 
Figure 16 shows the characteristics of the se tv;o types plotted 
side by side. I is the l/D curve of the slotted ¥7ing as de- 
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rived in a modified form from the Gottingen \7ing profile No, 
422 by the introduction of nozzle-shaped slots, II is the l/D 
curve for the iinchanged wing profile 422.* Ill is the envelope 
curve of the characteristic curves given in Jeitschrift fur 
Flugtechnik und Llotorluftschiffahrt, 1924, p. 175. .This \Ting 
tapered tovrard the tips both in '.7idth and thickness. It had 
an adjustable auxiliary wing on the leading edge and a movable 
flap on the trailing edge. IV .and T are the characteristio 
curves of the nozzle-slotted wing (with and without air jeto), 
as taken from Figure 12. In order to enable direct comparison, 
the results were converted to the standard aspect ratio of 6. 

The relative position of the curves cleeJ^ly demonstrates 
the superiority of the nozzle-slotted wings, especially at small 
and mediui/i angles of attack. Curve III passes above curve IV 
only after the angle of attack exceeds 16°. Curve IV, which, 
for lack of space, is only partially shoi^-n, continues to clim.b 
up to 2 c_^ = 292 at a = 24°. The tests showed that the 
lift A continued to increase even beyond this angle of attack. 
It is also vrorth noting that the lift values of curve IV v;cre 
reached at a smaller a than those of curve III, which is of 
practical importance in landing. 

The good results obtained in experiments with normal wings 
furnished^ the reason for testing a nozzle- slotted wing in com- 

bination with a fuselage. Dra w ings of the wooden model -a re 

*TheGe curves were t.aken from "Ergebnisse , " Vol. II, pp. 61-64, 
and Vol. I, p. 109. 
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shown in Figure 17, The fuselage was hollow and. made in two 
parts joined in the plane of symmetry* The t?;o parts were held 
together by two screws with the interposition of a thin rubber 
plate. The side of the fuselage facing the lift balance was 
provided with a short connection for the compressed-air pipe. 
The two wings were joined to the fuselage a.t about half its 
height. They v;ere made of wood and had three nozzle-shaped 
slots on the upper side, the openings being covered with card- 
board strips glued at one edge. The slots were perpendicular 
to the plane of symmetry. They began at the fuselage and ended 
about 15 mm (0.6 in,) from the wing tips. Each wing consisted 
of three parts. One part formed the leading edge, lower por- 
tion, and trailing edge of the wing. The two other parts lay 
between the slots. They were joined to the lower part at two 
points of the span. 

The tests were made at the three dynamic pressures of 
p = 5, 10 aaid 20 mm (0.2, 0.4 and 0.8 inch) water column. By 
closing some of the slots, the effect of their number and posi- 
tion! was tested. The pressure of the air was regulated by 
throttling at the suction side of the centrifugal blower. In 
order to determine the effect of the com.pressed-air tube on the 
drag, the model was tested in the air stream, like an ordinary 
v/ing model, both with and without this tube. The additional 
drag due to the tube was thus determined, and allowance was made 
for it in the calculations. The reaction: effect of the outflow- 
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ing air was also deducted in the same way as for ordinary v/ings. 

The "angle of attack" wa.s measured between a reference 
line dxaym on the. side of the fuselage and the direction of flow 
of the air stream. The angles formed by the wing chords with re- 
spect to this reference line are indicated in Fig. 17. The v/ing 
area F, required for calculating the forces per unit area, was 
1056 cm^ (1.1367 sq.ft.)* 

From the great number of tests made v/ith this monoplane mod- 
el, only the results obtained at pressures of 5 and 10 mm water 
column?., with air flowing from all three slots, are given here 
(Table VI and Fig. 18). In both cases, the mean jet velocity 
u was 7.15 m/s ( 23. 5 ' f t . /sec. ) , making u/v 0.8 in one case, 
and 0.565 in the other. 

The experimental results indicate that, when air is flowing 
from the slots, the lift values increase about 80-^ over the 
whole range of the angles of attack. The corresponding drag 
values decrease but little, however. The maximum lift values 
are obtained at greater angles of attack than with ordinary 
wings. Naturally the maximum values of the coefficient of glide 
(l/D ratio) and of Cj^^/c^^ are very large. If, for example, 

u/v = 0.8," we then have (cj^/c^) = 29.8 and (cj^^/c^^) , as 

g & 

compared with 11.15 and 123, respectively, in the case of a wing 
without air jets. 

Also in the case of a monoplane model, the pressure distri- 
bution, was measured on the upper side of the wing in a cross 
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section-. 200 nim {7.87 in.) from the plane of syriimetry of the mod- 
el. Table VII and Figure 19 give the negative pressures for 
p = 5 cuid 10 mm (0*2 njid 0.4 in.) H^O at a = 0 and 12^. 
It is apparent that the lift increase is ascribo.ble to the very 
considerable lessening of the pressure reduction, toward the 
trailing edge. 

The velocity distribution of the outflow and its direction 
throughout the span is much the same as for normal wings, i.e., 
a rapid reduction, in the velocity of the outflow near the fuse- 
lage and a great divergence in its direction. 

Taken collectively, the experiments show that, as regards 
increasing the lift values, the effect of the air flowing from 
the nozzle-shaped slots is similar to the effect produced in 
the case of ordinary slotted wings. The high lift values are 
attained, however, at the smaller angles of o.ttaclc employed in 
ordinary flight. The drag values are only a little greater 
than for wings of simpler con'struction. In this regard it does 
not matter whether air is flowing from the slots or not. Unlike 
ordinary slotted wings, nozzle^slotted v/ings require no movable 
parts for regulating the effect of the slots, it being necessary 
only to vary the outflow velocity of the air. The number and 
location of the slots in the wing profile greatly affect their 
aerodynamic action. The outflowing air imparts energy to the 
boundary layer and consequently delays its separation and the 
formation of vortices. Simultaneously, the distribution of the 
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negative pressure on the upper surface of the ?ang is improved 
to\mrd the trailing edge. 

Note.- Y/hile the magazine from which this article v;as 
taken wg,s in press, the v/riter learned that experiments were 
being instituted in Germany and in Switzerland with the object 
of increasing the maximum lift by removing the boundary layer 
from the upper surface of the wing. In Germany, Mr„ Seew,?2d 
of Berlin, published the results of such experiment in Z-.F.M. , 
1927, p. 350.* The results of the investigatioiB by Mr. Vaeland 
of Basel, 3.re given in the same magazine, p. 346,** 

In both cases, compressed air was released on the upper 
side of airfoils parallel to the leading edge. The results 
were similar to those given above, in that both investigators 
observed a considerable increase in the Ca values. The Ger- 
man experiments were performed at very high pressures inside 
the airfoil (up to 4 atmospheres gauge pressure), which probably 
could never be used in proxtice. Values of 2 o^^ up to 335 
were obtained at a = 30°. Wi eland also used very high pres- 
sures. It should be noted, however, that both experimenters 
measured the pressures a long way from the outflow openings 
on the upper surface of the ai rfoils. The results were there- 

*For tr^jislation, see N.^^^CA. Techr.ical MemoreJidum No. 441: 
"Increasing Lift by Releasing Compressed Air on Suction Side 
of Airfoil." 

**For trsjislation, see N.A.C.A. Technical Memorajidum No. 472: 
"Experiments with a Wing from THiich the Boundary Layer is Re- 
moved by pressure or Suction," 
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fore affected by the considerable pressure lOvSses in the deliv- 
ery pipes, v/hich had to be made quite small. See^;7ald also men-^ 
tions this fact in his treatise. 

Wleland found, in agreement with our investigo.tions, tho.t 
the magnitude of the drag ^vTas hardly affected by the location 
and operation of the slots* The increase in the lift values 
even at small and medium ojigles of attack, as uniformly observed 
in the numerous Vienna experiments, differed from the experi- 
mental results of Wieland and the theoretical conclusions of 
SoewaLd. 



TABLE I. 



R 


87,800 


125,800 


152,000 


175,600 


196,000 


214,300 


P 


5 


10 


15 


20 


25 


30 


V 


8.95 


12.7 


15.5 


17.9 


20.0 


21.9 


2 c^i 


94.6 


73.0 


60.0 


57.0 


51.0 


47.5 



TABLE II. 



p 


V 


u 


u/v 


a 


b 


2c^ 








5 
10 
15 
20 
25 


8.95 
12.7 
15.5 
17.9 
20.0 


19.6 
19.6 
19.6 
19.6 
19.6 


2.19 
1.54 
1.26 
1.09 
0.98 


416 
261 
160 
115 
94 


73.1 
63.6 
59.1 
54.0 
57.0 


343 
215 
138 
104 
79 


58 
61 

55.3 

51 

52.9 




12 9 
0 3 
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TABLE II (Gont.) 



p 


V 


u 


u/v 


c 


d 


e 


2ca 






2c^ 




5 
10 
15 
20 
25 


8.95 
12.7 
15.5 

17„9 
20,0 


19.6 
19.6 
19.6 
19.6 

19.6 


2.19 
1.54 
1.26 

1.09 
0.98 


274 
158 
104.9 

78.4 
57,5 


60.5 
52.5 
46.4 

44.5 
45.1 


261 ! 60 
154 1 53 
105.8 i 46.5 
80. G 1 42.7 
62 1 45.2 


lol« 5 

^4 

bv,l 
■Gb . 6 


53.1 

45 

40.1 
38.7 
40.8 

■ - 


Wo. of slot ) •pen 

-' closed 


7 
5 


5 
7 


5 
7 



TABLE III. 



Wing model I. 

Norinal wing, 900 x 150 mm (35.4 x 5.9 in.), rectangular plan. 

F = 1350 cms (1,453 sq.ft.) 

Dyn^jaic pressure p = 5 mm (0c2 ino ) H^O 

Wind velocity v = 8.98 m./s (29.46 ft.7sec.) 

2 slots on upper side of wing, 1 on lower side. 





All slots open 


All 


slots closed 


Only front upper 
slot open 


Jet 




m/ s 






45 ra/ 








velocity 
u 


0 




6. 


s 


7.2 m/s 


u/v 


0 




0. 


72 




0.803 


ao 


2c^ 




2c 


A j 


2c 


y; 


2c^ 




-6 


•. . 7.46 


7.31 


35 


.8 


18. 


05 


43.4 


21.1 


-3 


17.18 


4„48 


5a 


.5 


5. 


81 


70.9 


5.87 


0 


32.8 


4o48 


71 


.6 


4. 


37 


95.5 


r» -1 O 
D . L(~> 


3 


50.0 


5.57 


97 


.8 


4. 


40 


123.0 


6.56 


6 


64.2 


7.16 


122 


,1 


5. 


98 


146.0 


8.36 


9 


79.1 


10 .,0 


149 


,.0 


9. 


35 


173.0 


14.2 


12 


71.6 


14.45 


172 


= 0 


15. 


2 


199,0 


22.6 


15 


85.2 


20,9 


197 


.0 


24. 


5 


224.. 5 


O o « 1 


18 






212 


»0 


37. 


1 


248.0 


46.6 


21 






243 


.5 


56 . 


8 


270»0 


65.0 


24 






257 


.0 


1 

i. 




292.0 
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TABLE IV. 

Wing model I. 

Normal wing, 900 x 150 mm (35.4 x 5.9 in.) rectangular plan. 

F = 1350 cms (1.453 sq.ft.). 

Dynoiiic pressure p = 20 mm fo.8 in.) H,0^ 

Wind velocity v = 17.9 m/s {58.7 ft. /sec.) 

2 slots on upper side of wing, l' on lov/er side. 





All slots open 


All slots closed 


Only front upper 
slot open 


Jet 
velocity 
u 


0 m/s 


7.05 m/s 


7.2 m/s 


u/v 


0 


0.394 


0.402 


ao 


2ca 


2c^,r 


2ca 




2c^ 




-6 
-3 
0 
3 
6 
9 
12 
15 
18 
21 
24 


1.49 
10.81 
24.6 
38.4 
53.0 
64.2 
73.75 
82.8 
92.0 
99.5 
107.0 


7.46 
3.92 
4.18 
5.23 
7.77 
10,43 
13.06 
15.7 
19.0 
22.2 
16.95 


30.2 
45.6 
58.6 
79.5 
97.0 
116.8 
131.2 
145.0 
155.0 
161.2 
165.0 


13.85 
6.09 
5.195 
5.62 
6.81 
8.75 

10.75 

14.08 

18.5 

22.7 

27.8 


21.6 
36.7 
68.0 
91.4 
111.0 
130.0 
145.0 
162.5 
179.0 
188.0 
197.0 


9.6 
6.82 
5.32 
6.84 
8.95 
11.58 
14.25 
19.2 
24.0 
29.75 
35.4 
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TABLE V. 

Wing model III. 

Angle of attack a ^ 0 . 

^ static pressure in mm HgO. 
+ = positive pressure. 
- - negative pressure. 



Dynamic pressure p - 


5 


20 


Measuring point 
No. 


Without 


With 


Without 


With 


Air jet 


Air jet 


1 


+2 


+ 1.6 


+ 8 


+ 8 


a 


-4 


- 2.5 


-16.4 


-15 


3 


-6 


- 5.4 


-22.4 


-23 


4 


-6 


- 6.4 


-24 


-27 


5 


-6.5 


- 7.2 


-24.6 


-28 


6 


-7 


- 7.S 


-25.4 


-28.6 


7 


-6.5 


- 8.4 


-25.5 


-28.6 


8 


-6 


-10.2 


-23.7 


-28.6 


9 


-4.6 


-12.7 


-19 


-23.3 


10 


-3.4 


-15. i 


-11.6 


-20.5 


11 


-0.6 


-10. S 


- 4 


-11.8 


12 


-0.2 

i 


- 7.6 


- 1 

i . .... 


- 8.9 
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TABLE VI, 



Monoplane model. 

F - 1056 cm^ (1.1367 sq.ft.) 

3 slots on upper side of wing 



Dynamic pressure p 


5 "mm 




10 mm 


Hr>0 




Wind velocity v 


8.98 


m/s 


12.63 


m/ s 




Jet velocity u 


7.15 


m/s 


7,. 15 


m/s 




u/v 


0.8 




0.565 






All slot 


s closed 


All slots open 


ao 




Sc^r 


2oa I 


o 

d 




-6 


8.6 


3.4 


34.8 




.4 


-3 


31 


3.8 


60.5 


r~ 

o 


.4 


0 


55.6 


5.0 


89.2 


rr 

o 


.3 


3 


80 


7.2 


118.6 


4 


.4 


6 


103 


9.4 


150.0 


7 


.0 


9 


115 


11.6 


175.2 


lb 


.0 


12 


116 


15.2 


198.4 


15 


.8 


15 


108 


25.4 


213.0 




„5 


18 


90 


36.0 


190.4 




eO 


21 


82 


40.8 


149.6 

1 


40 


.6 



TABLE VI (Cent. 



MoELO'olane model. 

F = 1055 cm2 (1.1367 sq.ft.) 

3 slots on upper side of wing 



Dynamic pressure p 


b mm 


HaO 


10 min 




Wind velocity v 


8,98 


m/s 


12.63 


m/ s 


Jet velocity u 


7.15 


m/s 


7.15 


m/ s 


u/v 


bo 8 




0.565 




All slots 


closed 


All slots open 


ao 






2CA 


Scisr 


-6 


7o5 


3.7 


26 


4.5 


-3 


30c8 


3.8 


53 


3.4 


0 


55c 0 


4.8 


80.8 


2.9 


3 


78,5 


5.3 


116.8 


4-6 


6 


98.5 


8.8 


142.3 


7»4 


9 


108.5 


11.5 


162.5 


lb. 9 


12 


111 


15.2 


179.2 


16„0 


15 


110 


24.0 


178.5 


23,5 


18 


95.5 


34.5 


165.7 


35.8 


21 


85.5 


41.0 


127.3 


40.4 
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TABLE VII. 

llonoplane model, 

Pi = static presF^ure in miii H^O. 

+ = positive pressure. 

~ = negative pressure. 



Angle 

of 
attack 

a 


0° 


+12° 


Dynamic 
pressure 
P 


5 


10 


5 


10 


Measuring 
point 
No. 


Without 


With 


IVithouti With 

i 


Without 

j 


With 


Y/ithout 


With 


Air 


jet 


Air 


jet 


Air 


Jet 


Air jet 


1 
2 
3 
4 
5 
6 
7 


-0.5 

-8 
-8 

-7.5 
-5.5 

ry 

-1 


- 5 

-10 

-10.5 

-10.5 

-11.5 

-13 

-15.5 


+ 3 

-13 

-13.5 

-12.5 

-10 

- 4 

- 1.5 


- 2.5 

-16 
-17.5 
-18 
-18.5 

-20 
-22 


-10 

- 9.5 

- 9 

- 5.5 

- 2.5 

- 2 

- 1.5 


- 9.5 

-14 

-13.5 

-13.5 

-14.5 

-15.5 

-17 . 5 


-14 
-14 
-16 

- 9 

- 4.5 

- 4 

- 3.5 

! 


-21 

-25 

-24 

-23.5 

-22 

-21 

-21.5 



I 



Translation ty Dwight M. Miner, 
National Advisory Committee 
for Aeronautics. 
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Figs. 1,4. 
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Figs, 5, 6, 9 




Model I 



Fig,9 
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Fig. 11 Model III 
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